One sentence summary: New insights into pathogen biology and host-pathogen interactions gained with emerging electron microscopy techniques are described with a focus on mechanistic and functional aspects of infection by viruses, bacteria and parasites.
INTRODUCTION
Pathogens and their interactions with host cells have been studied by electron microscopy (EM) for almost 80 years (von Borries, Ruska and Ruska 1938; Kausche, Pfankuch and Ruska 1939; Crick and Watson 1956; Almeida 1963) . This has yielded a treasure chest of data supporting functional studies once applied in combination with molecular biology approaches. Often EM has also been the driving force motivating functional molecular studies, e.g. by showing how Listeria bacteria might be moving through cells on actin tails (Tilney and Portnoy 1989; Portnoy 2012) . This ostensibly 'descriptive' discovery by EM set off many studies that informed on basic biological mechanisms important for pathogens and host cells alike (Frischknecht and Way 2001; Munter, Way and Frischknecht 2006; Welch 2015) . The necessary specimen preparations used for classical EM distort the native state of pathogens and host cells and, hence, limit the insights one can gain (Lucic, Rigort and Baumeister 2013) . However, the EM methodologies developed over the last decades, in particular those based on cryopreservation and cryo imaging, overcome these limits (Adrian et al. 1984 ) (see methodology box). Rapid freezing of whole cells preserves the cellular structures and 'freezes' molecular processes within milliseconds in a close-to-living state (Medalia et al. 2002; McDonald and Auer 2006) . Such native arrangements can then be recorded within thinner parts of cells in three dimensions (3D) by the means of cryogenic electron tomography (cryo-ET) (Medalia et al. 2002; Lucic, Leis and Baumeister 2008) and X-ray tomography (Schneider et al. 2010) . Thicker objects are approachable after thinning by sectioning in the cryo hydrated state (CEMOVIS; AlAmoudi et al. 2004 ) and after focused ion beam (FIB) milling (Narayan and Subramaniam 2015) by cryo-scanning electron microscope (SEM) (Schertel et al. 2013) or transmission electron microscope (TEM) (Rigort et al. 2012; Rigort and Plitzko 2015) (see methodology box). Tomographic 3D reconstruction procedures (Baumeister 2002; Rademacher 2006 ) collect a single dataset from a unique object of interest-a protein solution, an isolated organelle or even an entire cell (Hoenger 2014) . Furthermore, within such reconstructed volumes one can investigate fine structural details of repeating molecules and assemblies that can be enhanced by post-tomographic subtomogram averaging and 3D particle classification (Forster et al. 2008; Briggs 2013) . This concept is similar to single-particle cryo-EM reconstruction ) (see methodology box). For averaging, subtomograms containing copies of individual repeating macromolecular complexes e.g. ribosomes (Wong et al. 2014; Mahamid et al. 2016) or bacterial flagellar motors (Liu et al. 2009 ) are extracted from tomograms, mutually aligned, classified and merged together into intermediate-or high-resolution reconstructions (Briggs 2013) . Subsequent docking with atomic coordinates, if available or necessary, allows tracing of molecules at atomic detail in various functional conformations (Liu et al. 2008; Schur et al. 2015) . This in combination with genetic manipulations is now shifting the paradigm of EM as a supporting technique to one that can provide bona fide functional insights.
Correlating observations obtained with a light microscope to higher resolution EM (CLEM) have also been established for cryo-preserved biological samples enabling the bridging of different imaging scales and being able to map a specific fluorescent signal to an EM image (Sartori et al. 2007; Schwartz et al. 2007 ; Kukulski et al. 2011; Schorb and Briggs 2014 ) (see methodology box). This approach allows correlation of dynamic properties depicted in living cells with the native structure that underlies these processes at a resolution of few nanometers (Kukulski et al. 2011; Chang et al. 2014; Schellenberger et al. 2014) . A caveat of this technology is the limited thickness of a given specimen, which should be <1 μm due to the limited ability of electrons to penetrate samples. Thinning the cryo-preserved specimen by sectioning, a routine in classical EM, used to introduce distortions to resulting sections. Yet, this problem has also been recently overcome by milling 200-400 nm thick lamellae with a FIB under cryogenic conditions (Narayan and Subramaniam 2015; Rigort and Plitzko 2015) (see methodology box).
EM has been traditionally amongst the most important techniques in the study of pathogens, both in vitro and in vivo. Such studies are of considerable interest due to the medical, veterinary, agricultural and hence economic importance of pathogens. In addition, as pathogens have developed their very specific strategies of how to interact with their host cells, they can also be send into cells as probes to inform about basic cellular processes (Greber and Way 2006; Munter, Way and Frischknecht 2006; Welch 2015; Russo et al. 2016) .
This review presents the recent developments in 3D EM to study host-pathogen interactions, and we summarise the vibrant and rapid advancements of the field. To do so, we recapitulate pioneering developments from over a decade of 3D imaging of pathogens in isolation and within their cellular context. We showcase how state-of-the-art EM techniques are currently being used in the study of pathogen structure, entry, replication, egress and spread. We highlight and discuss examples from three groups of pathogens-viruses, bacteria and parasites. In doing so, we hope to show how these rapidly developing EM techniques mark an important transition in cell biology and infection studies as they establish a shift from classic descriptive EM studies into highly functional analysis.
VIRUSES
Viruses only replicate within host cells, which can be bacteria, archaea or eukaryotic cells. Viruses can consist of just a few genes or can contain more genes than some small bacteria, and their genome size can even be as large as that of some parasitic eukaryotes (Philippe et al. 2013) . Hence, their size varies from tens of nanometres to half a micrometre in diameter. From a geometric point of view, viral assemblies could be classified into two categories: (i) highly symmetrical particles and (ii) those lacking symmetry. Small, typically RNA-containing viruses build protective capsids from a small number of proteins, and assemble them in highly symmetric structures. In contrast, large, DNA containing viruses often use larger numbers of different proteins and arrange them with less or no symmetry. Yet, also these larger containers can assemble in an ordered manner (Caspar and Klug 1962; Rossmann 2013) . In both cases, ordered assemblies of repeated elements and symmetry greatly facilitate structural characterisation by methods based on particle averaging, an essential procedure for the majority of cryo-EM image processing procedures (see methodology box). Intrinsic symmetries aid and accelerate alignment, classification and merging of particles into 3D volumes. The resulting reconstructions often reach atomic resolution (3-4.5Å), but even at intermediate resolution of 5-15Å can be further explored by docking atomic coordinates obtained by crystallographic, NMR or single particle cryo-EM studies (for review, see Rossmann 2013) . The resulting 'pseudo-atomic' models deliver detailed views into the varying conformations of assemblies, which are not attainable by other structure solving methods. Yet, this method cannot be applied to asymmetric viruses. In contrast, cryo-ET supported by subtomogram averaging has a potential to detect, classify and resolve unique, non-repeatable, non-symmetric structural elements, although at generally lower resolution.
Here, we focus on recent achievements in 3D imaging exemplified by studies on the large vaccinia virus as well as the intracellular and extracellular stages of herpes simplex virus (HSV), and human immunodeficiency virus (HIV).
Structural variations and their functions in small and large viruses
Classic single-particle, icosahedral or helical reconstruction procedures rely on the assumption that defined symmetry elements in an assembly have identical structures. These procedures generally regard any unique defect, mismatch or an alteration to the structure as noise and exclude it from the resulting average maps, unless specific focus is given (Ilca et al. 2015) . These assumptions have been recently challenged for small viruses by cryo-ET, which revealed cases of asymmetric details within otherwise highly symmetrical assemblies, which were shown to be responsible for specialised functions.
Symmetry breaks in small viruses
The majority of spherical viruses arrange their protective capsids following the symmetry of an icosahedron, a polyhedral dome with 20 equilateral triangle faces and 12 vertices (for review on icosahedral symmetries, see Rossmann 2013) (Fig. 1A) . It is commonly believed that vertices constitute specialised sites for certain functions, such as the release of the viral genome. In phages and large DNA viruses, such specialised sites occupy a single pentameric vertex that is readily detectable (Johnson and Chiu 2007) , but in small viruses it was assumed that all 12 vertices are functionally equivalent. Remarkably, Figure 1 . Symmetric arrangements and asymmetric features in viral assemblies. (A) An X-ray structure of bacteriophage MS2 with the three icosahedral symmetry elements indicated: 5-fold (black pentagon, representing the 12 pentameric vertices), 3-fold (black triangle, representing the 20 triangular faces) and 2-fold (black diamond, representing the 30 copies per icosahedron). Image reproduced with permission from Dent et al. (2013) . (B) An asymmetric element connects the icosahedral bacteriophage MS2 head (grey with blue depressions) with its receptor onto a F-pilus (yellow). Left: The X-ray structure is fitted to EM densities on the left half and is coloured as in panel A. Right: A cross-section through the same reconstruction showing RNA packed in defined conformation (green and pink). Image reproduced with permission from Dent et al. (2013) . (C) Poliovirus capsid releasing its RNA. The site of RNA release is located near a 2-fold symmetry axis (5-fold-symmetry axis indicated by black bar), and was revealed by cryo-ET on icosahedrally symmetrised capsids and confirmed by single-particle cryo-EM. Image reproduced with permission from Bostina et al. (2011) . (D) Long umbilical connectors located near 2-fold and 3-fold symmetry axes mediate RNA transfer from poliovirus 135S particles across membranes. Image reproduced with permission from Strauss et al. (2013) . (E) Cryo-EM reconstruction computed from untreated Mimivirus. Depressions at the edges are marked with dots, and labelled 1-18 along one edge. Five-fold vertices are labelled with pentagons. Image reproduced with permission from Xiao et al. (2009) . Scale bars for (A-D): 10 nm, and for (E): 100 nm.
cryo-ET and subtomogram averaging have also recently revealed non-symmetric elements in small virus capsids. For example, in the icosahedral bacteriophage MS2, a single-copy viral maturation protein breaks the symmetry of the capsid (Dent et al. 2013; Dai et al. 2017) . This maturation protein binds the bacterial receptor (F-pilus) and the viral RNA suggesting a focal exit route for the genome during infection (Fig. 1B) .
A further example of an asymmetric structure was revealed in poliovirus, which causes poliomyelitis, a neuromuscular disease that can lead to permanent paralysis. Poliovirus is also a simple virion composed of an icosahedral capsid, 30 nm in diameter that encapsulates single-stranded RNA. Using cryo-ET and single particle reconstruction, the RNA was shown to exit near the viral 2-fold axis through a slot-shaped site of reduced density (Bostina et al. 2011) (Fig. 1C) . It was further demonstrated that two umbilical tethers are transiently formed for poliovirus attachment to receptor-decorated liposomes and for RNA transfer (Fig. 1D) . One tether located near an opening within one of 20 triangular faces, and the other near the 3-fold or 5-fold icosahedral axis, thus replacing the historical '5-fold-everything' models (Strauss et al. 2013) . This finding first demonstrated the structural changes that are triggered in a virus by membrane attachment. The data shed new light on basic viral mechanisms, which likely exist also in other viral systems, and eventually might help to identify novel drug targets (Bostina et al. 2011) .
Surprising symmetries in large viruses
The largest virus currently known is mimivirus (La Scola et al. 2003 ) with a diameter of 400 nm. Its double-stranded circular DNA genome of about 800 kilobase pairs (kbp) is larger than the sequenced genomes of some bacteria and is contained within an icosahedral capsid. The classification of giant viruses (six families are discovered to date) is being disputed, as they challenge the classical definition of viruses by the presence of unique features such as archaic protein motifs that are shared with cellular organisms and not with other viruses. This blurring of the boundary between virus and cell indicates that giant viruses are specific, autonomous biological entities that might warrant the creation of a new branch of microbes (Sharma et al. 2016) . EM has revealed increasing details of how giant viruses are built (Zauberman et al. 2008; Xiao et al. 2009) , and disclosed interesting structural features that cumulatively contradict the established belief that large structures possess no symmetry. Cryo-EM and atomic force microscopy (AFM) revealed an icosahedral symmetry of the viral capsids with 20 icosahedral faces having hexagonal arrays (Xiao et al. 2009) (Fig. 1E) . Strikingly, the capsomeres in the hexagons show non-canonical vacancies not seen in tightly packed capsids of other icosahedral viruses. Also a peculiar starfish-shaped feature was discovered at one of the pentameric vertices. It accurately positioned with the surrounding structures as well as with the enveloped nucleocapsid, thus suggesting a role in genome delivery to the host (Xiao et al. 2009; Klose and Rossmann 2014) .
Vaccinia virus
Vaccinia virus was the vaccine virus used to eradicate smallpox, arguably the most devastating viral disease in human history caused by variola virus (Fenner 1984 (Fenner , 1993 . Currently, vaccinia virus is used as a vaccine vector to target different diseases and in oncolytic therapies (Jacobs et al. 2009; Kirn and Thorne 2009; Thorne 2011; Walsh and Dolin 2011; Volz and Sutter 2013) and also as a probe to investigate cellular processes such as actin polymerisation or microtubular transport. Vaccinia virus measures 250 by 350 nm, encodes over 250 genes and replicates in the cytosol. It is transported on microtubules to the cell periphery where it induces actin polymerisation that propels the virus from one cell to the next (Greber and Way 2006; Munter, Way and Frischknecht 2006) . Cryo-ET was used to first image isolated viruses (Cyrklaff et al. 2005 ) and then to investigate virus entry (Cyrklaff et al. 2007b) . This showed that the outer face of the viral core is stacked with T-shaped protein spikes of 8 nm in length, Cyrklaff et al. (2007b) . (B) Actin tails (red) polymerised by vaccinia (green) promote virus motility and spread to adjacent cells. Image reproduced with permission from Welch and Way (2013) . (C) Baculovirus-actin comet recorded by whole-cell cryo-EM. Top: three sections (at different Z planes) through a cryo-ET of a B16 melanoma cell infected with baculovirus (BV). Bottom: A 3D visualisation of the comet actin tail (coloured) with other actin filaments of the host cytoskeleton (translucent) and a microtubule (grey tube). Red dots indicate branch points. Image reproduced with permission from Mueller et al. (2014) . Scale bars for (A) and (C): 100 nm; for (B): 10 μm.
which locally assemble in ordered patches. However, their order was too low to allow structure determination by averaging. Interestingly, the uniform layer of spike heads might have been misinterpreted as an additional membrane in previous studies using classical sample preparation and imaging (Sodeik and KrijnseLocker 2002) .
To investigate virus entry, host cells can be grown directly on EM support grids and infected prior to rapid freezing. Imaging the thin edges of host cells just prior and after entry of vaccinia virus ( Fig. 2A) revealed major changes to the viral structure already when the virions were still outside the cells (Cyrklaff et al. 2007b) . This suggests that these changes are triggered by an interaction with (yet unidentified) receptors on the plasma membrane. Viral contact also stimulated reactions from the host cell, which extends its plasma membrane to internalise the virus, as has also been seen in life microscopy (Mercer and Helenius 2008) . Furthermore, right after invasion early RNA transcription takes place within viral cores, and each core revealed a small number of pores with a luminal diameter of 7 nm, likely the gates for mRNA extrusion into the host cytoplasm. Remarkably, no tomography study is yet available that examines vaccinia exit from cells, which could provide insight into actin remodelling of the cellular cortex along with information on how poxviruses spread (Fig. 2B ). Yet, a study on baculovirus which also polymerises actin has shown that actin filaments are tethered to the virus (Fig. 2C) ; previously, a key open question in our understanding on how actin can push membranes and pathogens (Mueller et al. 2014; Small 2015) .
Deeper within the cell vaccinia replication has been studied by cryo-ET on sections obtained after high-pressure freezing (Chlanda et al. 2009 ). This revealed that the viral envelope is derived from pre-existing cellular membranes, an observation that helped to settle a long debate about the biogenesis of poxvirus membranes (Moss 2015) . To investigate the thicker parts of the cell without sectioning, a hybrid 'cryo X-ray nanotomography' approach (see methodology box) was taken, which could distinguish between different forms of the viruses (Chichon et al. 2012) . This new approach will also enable examination of intracellular stages of pathogens, which could be informative in the investigation of emerging viruses.
Herpes simplex virus
Herpes simplex virus type 1 (HSV-1) is the archetypal member of the herpesvirus family, which shares a common evolutionary origin with bacteriophages (Rixon and Schmid 2014) . HSV is a ubiquitous, contagious human pathogen that hides from the immune system in neurons, is the major cause of cold sores and can lead to fatal encephalitis. HSV is a relatively large, spherical virion.
Structural features of HSV
The structure of HSV is complex and contains symmetric motifs intermingling with asymmetrical components. The dsDNA genome of 152 kbp is encased within an icosahedral capsid, 125 nm across, surrounded by an amorphous layer of proteins called the tegument and enclosed in an outer envelope, which measures some 220 nm across and is studded with glycoproteins (Baker and Johnson 1997; Steven and Spear 1997) . The icosahedral capsid has been described in progressively greater details by 'classic' single particle cryo-EM with a resolution of 8.5Å (Zou, Agar and Jone 2001) and lately at 7Å (Huet et al. 2016) (Fig. 3A) . This has revealed secondary structural elements implicated in maintaining capsid stability and previously unknown types of protein complexes. However, tomographic reconstruction has revealed that there is a unique ring-like portal, located at one of 12 vertices (Cardone et al. 2007 ). This ring apparently serves as a conduit for DNA entering and exiting the capsid. The portal as revealed by cryo-ET contains components that dock the capsid to the viral membrane, is shaped as a cylinder with a narrow neck and shows no obvious channel (Schmid et al. 2012) (Fig. 3B) . The portal seems to play a role in viral genome release into the nucleus, likely by signalling upon contacting nuclear pore complexes. The portal vertex possibly orchestrates virus assembly by orientating the capsid when it buds into Golgi-derived vesicles (Schmid et al. 2012) . Cryo-ET also revealed that the capsid was located close to the envelope at one side (the proximal pole) but further apart from the other, distal pole. The space at the distal pole is filled by the tegument, which contains a number of proteins modulating virus-host interactions (Loret, Guay and Lippe 2008) . Curiously, the glycoproteins studding the envelope membrane were more frequently observed around the distal pole, suggesting a link to the processes of both viral entry and assembly (Grunewald et al. 2003) . Huet et al. (2016) . (B) HSV reconstruction by subtomogram averaging without enforcing the symmetry revealed a unique portal (at the bottom vertex) and 11 pentameric vertices. Left: central section through the average density map. Right: radially coloured capsid shell, with internal DNA in cream, and the portal in purple. Insert: close up surface views of portal (left) and pentonal (right) vertices. Image reproduced with permission from Schmid et al. (2012) . (C) HSV assembly intermediates. Surface views of three intermediates of the HSV-1 procapsid maturation. The blow-ups at bottom right of each image show the structural changes of the P-hexamer, i.e. the hexamer closest to the vertex. Image reproduced with permission from Aksyuk et al. (2015) . Scale bars for all panels: 20 nm.
Entry of HSV
Intermediate steps of HSV-1 entry into cells have been captured by cryo-ET using both native cells and isolated synapses called synaptosomes (Maurer, Sodeik and Grunewald 2008) . The tomograms revealed distinct details of HSV-1 structural dynamics and concomitant reorganisation of host cells. Following the initial attachment, formation of the fusion pore appears as the most short-lived intermediate viral structure, occurring on just one out of 66 entry intermediates recorded within the first 2 min of invasion. Successive stages of the viral entry process were clearly discerned, and revealed details of attachment, pore formation and membrane dynamics with a particular role for glycoprotein spikes. Glycoprotein bridges are formed prior and next to the fusion pore, and membrane curvature is possibly established and stabilised by the clusters of the glycoprotein spikes. Specific recruitment sites and the role of each of the four glycoproteins have been assigned. The asymmetric structure of the virion with two functional poles was related to different functional arrangements, whereby the pole with less densely packed spikes is assigned as the entry site. After entry of the capsid, the spikes from the viral envelope remain clustered on the host plasma membrane and thus allowed identification of viral entry sites. Early after infection newly released capsids were detected in close vicinity to actin bundles that apparently had reorganised upon viral stimulation to facilitate capsid entry by removing the cortical cytoskeletal barrier (Maurer, Sodeik and Grunewald 2008) .
Assembly and egress of HSV
The first steps of HSV-1 assembly in the nucleus involve the formation of a procapsid that matures into the final capsid. By combining icosahedral reconstruction with cryo-ET, and taking advantage of a newly developed isolation procedure of the metastable maturation intermediates of the procapsid, these were reconstructed at 11 to 16Å resolution (Aksyuk et al. 2015) . High-throughput cryo-EM using a selection of 100 000 procapsids allowed distinguishing intermediate stages by classifying the images and calculating 3D reconstructions for each class. Tomograms, on the other hand, revealed details of procapsid assembly and allowed proposing an assembly model based on protomers, units consisting of one triplex plus the subunits of three major capsid proteins. In this model, the scaffolding shell guides the curvature of the growing surface shell, and rationalises certain departures from symmetry in the procapsid structure as well as the final T = 16 icosahedral symmetry of the procapsid. The tomograms further revealed details of proteolytic removal of the internal scaffolding shell of procapsids during maturation (Fig. 3C) .
The matured progeny herpes virus trespasses from the nucleus to host cytoplasm through the nuclear envelope via a newly described vesicular nucleocytoplasmic transport mechanism, which involves envelopment at the nuclear inner membrane ( Fig. 4A ) and fusion at the outer membrane (Fig. 4B) . The formation of cargo vesicles carrying viral cores is mediated by the two viral proteins pUL31 and pUL34, which make up a nuclear egress complex and assemble in a hexagonal lattice. The formation of coated vesicles was visualised in situ by a multimodal imaging approach that combined cryo-ET on cryo sections with integrative modelling using small-angle X-ray scattering data . The coat architecture has been structurally characterised by viewing into nuclear envelopes of the cells co-expressing HSV nuclear egress complex proteins. This showed that pUL34 was anchored in the vesicle membrane while pUL31 formed an inner layer that resulted in a defined membrane curvature and tight envelopment of the capsids (Fig. 4C) .
Herpesvirus capsid assembly and nuclear egress seem to be similar in different host cells. In neuronal cells, capsids are transported anterogradely over longer distances to the sites of viral assemblies (Antinone, Zaichick and Smith 2010) . Two further studies have addressed the herpesviruses assembly and egress pathway in cultured neurons using correlative fluorescence cryo-EM imaging (Ibiricu et al. 2011; Ibiricu, Maurer and Grunewald 2013) . Secondary envelopment events were observed at axonal terminals with capsids budding into vesicles containing viral glycoprotein spikes on the luminal side and tegument proteins adjacent to capsids at the cytoplasmic site. This process involves filamentous actin that surrounds the secondary envelopment sites in the axon terminal forming an assembly compartment. Cryo-ET data collected along the axon revealed that most transported particles were capsids without envelopes, thus confirming a separate transport model for subassemblies, and that the final viral assembly takes place close to the sites of viral egress. Interestingly, HSV-1 also assembles a fraction of noninfectious so-called L-particles, which are devoid of viral capsids and genomes (Ibiricu, Maurer and Grunewald 2013) . The role of the L-particles is believed to facilitate the infection of HSV-1 by delivering additional tegument proteins to the target cell and through induction of signalling.
Human immunodeficiency virus
HIV infects cells of the human immune system, leading specifically to the loss of CD4+ T cells, which over time causes AIDS (acquired immunodeficiency syndrome). The retroviral HIV particles have a spherical membrane envelope with a diameter of about 120 nm. The membrane is of host cell origin and contains only one viral antigen, the trimeric Env protein, which is used for attachment and as a fusion machine during infection (Raska and Novak 2010) . When budding from the host plasma membrane, the envelope encloses the capsid encasing the viral single-stranded RNA and replication proteins (Ganser-Pornillos, Yeager and Sundquist 2008) . HIV matures only after budding and maturation goes along with changes in the capsid morphology (Mattei, Schur and Briggs 2016b) (Fig. 5A ). Assembly and maturation of HIV Cryo-ET reconstructions revealed the arrangements of the major structural component of the capsid, Gag, first at a resolution of 17Å (Briggs et al. 2009 ). Protein-protein interfaces involved in Gag assembly have been resolved after fitting high-resolution crystal structures of individual molecules into the reconstruction by subtomogram averaging. During virus assembly, the Gag proteins assemble in a hexameric lattice beneath the host plasma membrane. This leads to bending of the plasma membrane, eventually developing into a buddying particle. The induction of curvature critically depends on the incorporation of irregular defects into the Gag lattice (Wright et al. 2007; Briggs et al. 2009 ). After virion assembly comprising ∼5000 Gag molecules is complete, the point of membrane scission is marked by a large gap in the Gag lattice, which is filled with proteins of the membrane-scission assisting ESCRT machinery (Briggs et al. 2006) . Subsequent maturation of HIV is triggered by the timely cleavage of Gag proteins by viral proteases. Capsid proteins (1500 molecules), the structural fragments of cleaved Gag molecules, rearrange into a new lattice that is clearly different from the previous, immature lattice and form a fullerene cone, the characteristic conical core of mature HIV ( Fig. 5A ) (Pornillos, Ganser-Pornillos and Yeager 2011) . Cryo-ET and subtomogram averaging allowed the tracing of individual helices that make contacts in the immature lattice, and revealed tertiary and quaternary structural interactions (Schur et al. 2015 (Schur et al. , 2016 . On the atomic model of the immature HIV-1, the arrangement of the key regulators of virus assembly, the capsid and the spacer peptides of the Gag protein were investigated (Schur et al. 2016) . This revealed detailed interactions mediating virus assembly, and indicated the function of HIV maturation inhibitors, which stabilise the interaction between these two proteins. Notably, the viral resistance to the maturation inhibitors develops by destabilizing this interaction. Yet, the 3D maps of successfully maturing virions revealed a high flexibility of helix 2 of Gag, which further indicates that Gag may assemble in different lattices. These observations further suggested that the dramatic rearrangement in the cleaved Gag-capsid domains would require breaking essentially all interactions of the immature lattice and the formation of new contacts during maturation (Schur et al. 2015; Mattei et al. 2016a; Mattei, Schur and Briggs 2016b) (Fig. 5B ).
Yet, in mature virions, the cores show some variation in their shape. Therefore, core assemblies have been systematically examined by subtomogram averaging at subnanometer resolution (Mattei et al. 2016a ). This revealed the mutual orientations of the hexameric and pentameric Gag-internal capsid domains (CA) within the intact HIV-1 particles (Fig. 5C ). Interestingly, the hexamer structure is compatible with crystallographic structures, whereas the pentamers form using different interfaces. The pentameric arrangement revealed how CA flexes to form the variably curved core shells, and assemble both aberrant and perfect fullerene cones. This further supports the model of de novo assembly of HIV conical cores after maturation.
To investigate budding and Gag assembly in the cellular context, thin edges of cells were imaged using cryo-ET. As the natural HIV host cells are too thick and thus inaccessible for detailed structural studies, human glioblastoma cell lines transduced with adenoviral vectors expressing HIV Gag proteins were used (Wagner et al. 2000; Carlson et al. 2010) . Tomograms of thin cellular extensions show virus-like assemblies and budding sites, and have been analysed for both the global arrangement of the Gag lattice and the local detail of the lattice repetitive elements (Fig. 5D) . The recorded lattices showed similar parameters and defects as lattices in completely released immature virions (Briggs et al. 2004 (Briggs et al. , 2009 ). This implied that the organisation of the immature HIV particle is determined at the point of its intracellular assembly, and not after virion release. Interestingly, however, in buddying particles the Gag lattice occasionally differs from that of immature particles (Fig. 5E) , likely an effect of premature proteolysis that results in unstable, defective virions (Carlson et al. 2010) . Such non-productive maturation is observed only in a subset of infected T cells, indicating that their loss is due to the cellular environment. These data also suggest that identifying the factors mediating premature proteolysis may lead to new approaches to render HIV non-infectious.
From surface antigens to structural vaccinology
The HIV surface antigen Env interacts with CD4 and associated receptors to mediate virus entry into host cells (Merk and Subramaniam 2013) . As a target for neutralizing antibodies Env is also investigated for vaccine development (Zhang et al. 2016) . Individual subunits of Env (gp120 and gp41) along with their oligomeric states and complexes with other proteins have been intensively investigated by various structural methods (reviewed by Merk and Subramaniam 2013) . Cryo-ET and subtomogram averaging revealed the details of the trimeric Env displayed on native HIV (Liu et al. 2008) , in complexes with CD4 (White et al. 2011 ) and various antibodies (Liu et al. 2008) . Fitting the maps with X-ray coordinates gave rise to molecular models for these functional complexes (Fig. 6A ). This showed that CD4 binding results in an outward rotation and displacement of each gp120 monomer of Env, coupled with a vertical rearrangement of gp41, which then promotes a closer contact between the viral and cellular membranes. The binding of the broadly neutralizing antibody b12 to Env triggered a similar outward displacement of gp120. It also appears to lock the trimeric Env in a state that prevents further conformational changes and the rearrangement of gp41. This implies that targeting the Env regions critical for those conformational changes could provide a new way to inhibit HIV entry (Liu et al. 2008) . Finally, the function of small, engineered antibodies was examined that could pass easier the mucosal barriers, bind to Env and neutralise the virus. Two such neutralizing antibodies A12 and m36 triggered conformational changes in Env (Fig. 6B ) similar to that of CD4 and b12 binding as described above, thus highlighting their potential for therapeutic applications (Meyerson et al. 2013 ).
These data demonstrate how the cryo-EM toolbox might contribute to the emerging field of 'structural vaccinology' (Dormitzer, Ulmer and Rappuoli 2008; Dormitzer, Grandi and Rappuoli 2012) . This field aims to use structural information to design immunogens and to provide new vaccines against traditionally difficult targets. As the contact sites between antigen and neutralizing antibody define the structural epitope, considerable effort is being made to transplant epitopes to scaffold proteins for structural stabilisation, and to design minimised antigens (Kulp and Schief 2013) . This could represent a new strategy for vaccine development against viruses that pose major challenges for vaccine design due to their high antigenic diversity such as influenza or hepatitis C virus, where large portions of envelope glycoprotein surfaces are variable and covered by glycans (Burton et al. 2012) . Similarly, the cryo-EM toolbox could also be used to aid drug discovery. Along those lines, cryo-ET was used to investigate modifications to the viral structure in the presence of the experimental drug Bevirimat, a maturation inhibitor (Keller et al. 2011) . Bevirimat binding stabilises the immature lattice, and inhibits the Gag rearrangements and thus effective assembly of the core, which correlates with the loss of viral infectivity. 
FIB-SEM reveals HIV reservoir
To further explore HIV-host cell interactions, FIB-SEM (see methodology box) was used to survey the cytoplasm of HIV infected macrophages (reviewed by Earl, Lifson and Subramaniam 2013) . This revealed reservoirs containing HIV located deeply in cells but still contiguous with the extracellular milieu via long channels (Fig. 6C ). These channels likely allow the rapid transport of sequestered HIV to and from the external medium, while the deep cavities could protect virions from antibody-mediated neutralisation (Bennett et al. 2009 ). This, along with virological synapses (Vasiliver-Shamis, Dustin and Hioe 2010), might assure effective transmission of HIV to T cells (Mothes et al. 2010) . FIB-SEM further demonstrated that dendritic cells almost entirely encased T cells in membranous sheets. Such engulfment likely creates extensive areas of membrane contacts between both cells (Felts et al. 2010) , with high local concentrations of HIV entrapped in between (McDonald et al. 2003) .
Apart from the prominent examples we discussed here, 3D EM is increasingly delivering fascinating images of viruses interacting with host cells. Recent work includes reports on the agriculturally important Rice Dwarf Virus (Miyazaki, Nakagawa and Iwasaki 2013) , the haemorrhagic fever causing Marburg Virus (Bharat et al. 2011) , Ebola (Bharat et al. 2012; Tran et al. 2016) (Chlanda et al. 2015 and the RNA replication compartments of nodavirus (Ertel et al. 2017) . These studies show how cryo-ET by itself or in combination with different imaging techniques can yield functional insights into important aspects of virus-host cell interactions that can inform studies aimed at generating vaccines and new anti-viral medications.
BACTERIA
Bacteria can form symbiotic or pathogenic relationships with their hosts, which motivate much of bacteriological research. Bacteria were once thought to contain little internal structure. However, this notion was changed at the end of the 20th century (Saier 2013) . Numerous structural insights gained by cryo-ET directly visualised the complex internal structure of bacteria and in combination with gene deletions revealed that bacteria also have a cell biology of their own.
The bacterial cytoskeleton and spore formation
The diverse bacterial cytoskeletal systems includes actin-like (Jones, Carballido-Lopez and Errington 2001; Katzmann et al. 2010; Bharat et al. 2015; Wachi et al. 1987; Doi et al. 1988) , tubulinlike (Bermudes, Hinkle and Margulis 1994) and intermediate filament-like proteins (Ausmees, Kuhn and Jacobs-Wagner 2003) with different structural and force-generating roles. Cryo-ET visualised how filaments of the bacterial tubulin homologue FtsZ form a contractile ring that can separate the mother cell into two daughter cells (Li et al. 2007; Tocheva et al. 2011; Szwedziak et al. 2014) . Another bacterial tubulin homologue, BtubA/B, was shown to assemble into tubules containing 5 protofilaments as opposed to the 11-15 protofilaments found in microtubules of eukaryotic cells (Pilhofer et al. 2011) . The actin homologue ParM generates a simple mitotic machinery by physically driving the sister plasmids to the opposite cell poles prior to cell division ( Fig. 7A) (Bharat et al. 2015) . Interestingly, cryo-ET contributed to resolving a controversial issue concerning the presence of long helical filaments made from the bacterial actin homologue MreB (Jones, Carballido-Lopez and Errington 2001) . These helical filaments visualised by fluorescent imaging of GFP fusions were believed to be the key determinants of Gramnegative bacterial cell shapes (Osborn and Rothfield 2007) . Total internal reflection fluorescent microscopy demonstrated that MreB formed discrete motile patches which could be misinterpreted as helical structures due to the large depth of field of epifluorescent microscopy (Dominguez-Escobar et al. 2011) . Examinations with cryo-ET solved the riddle showing that helical filaments were artefacts of the N-terminal fusion with GFP, as non-tagged constructs or MreB with C-terminally fused fluorophores did not cause formation of filaments (Swulius and Jensen 2012) .
Cryo-ET further revealed other specific features of bacteria such as the cytoskeleton-associated arrays of magnetosomes in Magnetospirillum gryphiswaldense (Komeili et al. 2006; Scheffel et al. 2006) and Magnetovibrio blakemorei (Abreu et al. 2013) . Also distinct functional states of ribosomes were revealed (Zhao et al. 2004) as well as the fusion between the periplasm and cytoplasm of two spirochetes. The latter may underlie horizontal gene transfer (Fig. 7B) (Kudryashev et al. 2011) . Direct imaging of sporulation of Acetonema longum (Tocheva et al. 2011) (Fig. 7C ) allowed visualizing the mechanics of this process including formation of the septum from the cytoplasmic cylinder, formation of the spore and remodelling of the peptidoglycan in the spore into a layer of cortex. Interestingly, during the outgrowth of the spore, the cortex is degraded forming a layer of peptidoglycan while the inverted inner membrane of the mother cell becomes the outer membrane of the daughter cell (Fig. 7D) .
Bacterial nanomachines
Several large membrane protein complexes at the bacterial membranes perform a number of vital functions in bacteria including motility, environmental sensing and secretion. Applying subtomogram averaging from cryo-ET revealed the molecular details of a number of these nanomachines, which often disassemble during extraction from their native context. We have learned most about bacterial nanomachines from gramnegative model bacteria due to the advances in cryo-EM, availability of genetic tools and the ability to generate small functional minicells (Fu et al. 2014) . Such minicells are much thinner and thus yield higher resolution cryo-EM images (Farley et al. 2016) . However, in the near future more attention will likely be given to nanomachines in gram-positive bacteria and/or archaea (Briegel et al. 2015) . Below we discuss the function of several selected nanomachines important for bacterial motility and pathogenesis. To keep the review somewhat concise, some exciting protein complexes are left out like the type 4 pili (Gold et al. 2015; Chang et al. 2016) or the type 4 secretion system (Ghosal et al. 2017) .
Bacterial secretion systems
During evolution, bacteria developed an arsenal of several types of secretion systems (TXSS)-membrane-embedded nanomachines performing active transport between the bacterial cytoplasm and the extracellular medium or target cells. TXSS may transport effector proteins or import and export DNA. Secretion usually requires ATP, which is hydrolysed by ATPases located in the bacterial cytoplasm (Gerlach and Hensel 2007) . The secretion systems are up to a few mega-Dalton in size, may contain up to 30 different proteins in various copy numbers and therefore are nearly impossible to purify for high-resolution structural analysis. Cryo-ET and subtomogram averaging in combination with genetic manipulation is therefore a unique way to gain mechanistic insights into the function of these fascinating protein complexes.
Injectisomes or T3SS. Symbiotic and pathogenic gram-negative bacteria commonly use T3SS to deliver effector proteins from the bacterial cytoplasm directly into the cytosol of the target eukaryotic cell across three membranes using a nanosyringelike protein complex (also called an injectisome) (Portaliou et al. 2016) . Injectisomes contain a basal body located in the periplasm, a sorting platform and export apparatus located in the cytoplasm and a hollow needle extending from the periplasm to the extracellular space reaching to the target cell. Self-assembly at the bacterial membranes and the function of injectisomes is tightly regulated (Diepold and Wagner 2014) . Upon contact with the host cell, a translocation pore is likely inserted to the host cell membrane and the effectors, partially unfolded by an export ATPase, are transported to the host cell through the hollow needle.
Several groups determined the structure of injectisomes inside the native cells in Yersinia ) Salmonella (Kawamoto et al. 2013; Nans et al. 2015; Hu et al. 2017) , Shigella (Hu et al. 2015b) and Chlamydia (Nans et al. 2015) . Interestingly, the periplasmic part of the T3SS called basal body was shown to be overall similar to the rotor of the bacterial flagellar motor (Kawamoto et al. 2013) . However, in Yersinia enterocolitica the basal body was reported to be flexible : its height between the inner and outer membranes of bacteria could vary up to 20%. As the bacteria were preserved in a state of induced secretion, the different conformations likely constituted a mixture of secreting and non-secreting T3SS. The analysis of T3SS in Chlamydia trachomatis infecting cultured human cells demonstrated a compaction of the basal body in the T3SS when associated to the host cell membrane compared to the bacteria in absence of host cells (Fig. 8A) (Nans et al. 2015) . The contraction of the periplasmic part of T3SS by 4 nm is associated to the stiffening of the cytoplasmic components, which is potentially required for more efficient secretion of the effectors to the host cell. An engineering analogy to 'pumping action' encourages further investigations of the secretion process at higher resolution in mechanistic details. In contrast, the basal bodies of injectisomes of Salmonella Typhimurium and Shigella flexneri in a presumably non-secreting state did not seem to undergo significant stretching (Hu et al. 2015b (Hu et al. , 2017 . In the future, higher resolution structures of injectisomes in secreting and non-secreting condition may allow identification of protein domains undergoing contraction and thereby activating secretion.
The classic view on the basal body suggests that it is inserted into the bacterial outer membrane with the hydrophobic domain of the secretin protein (SctC, in T3SS according to the unified nomenclature) (Diepold et al. 2010; Portaliou et al. 2016) . This is further supported by reconstitution of YscC into liposomes followed by structural determination (Kowal et al. 2013 ). However, a high-resolution (27Å) structure of the injectisome from S. flexneri (Hu et al. 2015b) clearly revealed that the basal body is located under the outer membrane while its insertion to the outer membrane is mediated via an additional protein called pilotin whose role was dedicated so far for the targeting and assembly of the secretin. The highest resolution reconstruction of the injectisome of Salmonella Typhimurium in situ clearly demonstrated that the basal body component InvG (SctC) is inserted into the inner leaflet of the outer membrane bilayer (Hu et al. 2017) . This is in agreement with the recently reported structure of the basal body of Salmonella Typhimurium at near-atomic resolution showing a hydrophobic interface at the suggested location of the contact with the membrane (Worrall et al. 2016 ). Higher resolution structures from the other bacteria are now required to understand if such arrangement is the general rule.
T6SS. T6SS stand aside from the other secretion systems in terms of effector delivery. Instead of secreting proteins one by one, T6SS delivers multiple proteins to the target cell in one single 'shot' (Shneider et al. 2013) . Bacteria use T6SS to deliver toxins into bacterial and eukaryotic cells (Basler 2015) . Analysis of the structure and sequences of the proteins from the T6SS gene cluster first revealed homology of three proteins to the proteins of the bacteriophage tail (Leiman et al. 2009 ). Fluorescent microscopy of the T6SS-containing bacteria Vibrio cholerae revealed the presence of ∼1 μm long tubes of the protein TssB (type six secretion protein B) . Shortly after assembly, the tubes contracted roughly 2-fold and later disassembled. Cryo-ET of the V. cholerae (Fig. 8B and C) showed two types of tubes inside the bacterial cytoplasm: ∼1 μm long seemingly filled ones and a 0.5 μm long seemingly empty tubes. The atomic structures of the contracted tubes made of TssB and TssC revealed the structural similarity of the tube to the bacteriophage tail and the network of interprotomer interactions required for contraction (Clemens et al. 2015; Kudryashev et al. 2015b) . These data strongly support the previously suggested 'inverted bacteriophage tail' model for the function of T6SS where the effectors are pre-loaded inside the TssB/TssC tube and upon a trigger are released into the neighbouring cell causing target cell death (Basler, Ho and Mekalanos 2013) . After the contraction the short tubes were selectively disassembled by the ATPase TssH (Basler and Mekalanos 2012; Kapitein et al. 2013) .
Cryo-ET was not only instrumental in revealing the structure of the T6SS inside the native cells but also for understanding its function . Extended tubes and the baseplate that anchors the tubes to the bacterial membranes seem to be very unstable, and to date their purification have not been reported. Recent analysis of T6SS in Myxococcus xanthus by subtomogram averaging revealed the structure of the extended sheath and an overall envelope of the membrane-associated region . Interestingly, the derived pseudo-atomic model of the extended sheath demonstrated that the outer domain of the sheath required for recycling is hidden from the surface, while in the contracted state it is accessible for the recycling ATPase ClpV (TssH). The structure of the membraneassociated part of the T6SS allowed placing of the structures of the isolated core component, (Durand et al. 2015) and the spike complex (Shneider et al. 2013 ) demonstrating their mutual arrangement, while highlighting that the locations of several proteins TssE,F,G,K,K have not yet been identified. Further analysis may reveal the high-resolution structure of the extended sheath, allowing mechanistic understanding of the sheath contraction and effector release. Furthermore, it might reveal more details about the structure of the entire periplasmic baseplate and how the effectors are packed into the T6SS.
The bacterial flagellar motor
The flagellar motor is composed of a flagellar filament, a rotor, a stator and a cytoplasmic part responsible for the system assembly (Fig. 8D) . Bacterial flagellar motors convert ion flow across the inner membrane through the stators into mechanical rotation of the rotor and the flagellar filament (Chaban, Hughes and Beeby 2015; Kojima 2015) . That in turn propels the bacteria forward. The cytoplasmic part of the motor shares a high similarity to the cytoplasmic part of the bacterial type III secretion system (T3SS or injectisome-see Injectisomes or T3SS section, and Fig. 8A ) at the place where it is responsible for unfolding and exporting the substrate similar to effectors of the T3SS through a hollow needle to the host cell (Diepold and Armitage 2015) . Finally, the cytoplasmic ATPase responsible for partial unfolding of the exported substrate (FliI in flagella and SctN in T3SS) is structurally similar to F-and V-type ATPases (Ibuki et al. 2011) .
Structural analysis of flagellar motors from 11 evolutionary divergent bacteria revealed the common structural core conserved during evolution ) and highlighted several differences, the biological functions of which are still to be understood (e.g. in epsilon-protobacteria; Beeby 2015). The radius of the cytoplasmic C-ring receiving the torque from the stators differs strongly from the largest radius of ∼60 nm for the spirochetes Borrelia and Treponema and the smallest of ∼30 nm for Caulobacter crescentus. The radius of the C-ring correlated with the length of the peripheral stator protein FliH (Abrusci et al. 2013) , suggesting that FliH anchors the FliI ATPase to the C-ring. The same arrangement was found in the injectisome of S. flexneri (Hu et al. 2015b) : the ATPase SctN is linked to the C-ring by six radial SctL spokes. These radial spokes were suggested to allow precise alignment of the exit from the ATPase and the entrance into the T3SS pore SctV/FlhA, which is connected to the needle (in T3SS) or the filament (in flagella).
The entire flagellar motor was visualised to highest details in spirochetes (Liu et al. 2009) (Fig. 8D ) due to their small diameter allowing highest resolution cryo-EM (Kudryashev et al. 2009 ). Interestingly, the ∼60 nm large motor (Murphy, Leadbetter and Jensen 2006; Kudryashev et al. 2010a ) is so large that it bends the stator in order to fit onto the cytoplasmic cylinder with a radius of ∼100 nm (Liu et al. 2009 ). Structural analysis combined with genetic manipulations revealed the sequence of the assembly events of the flagellar motor from Borrelia burgdorferi in high Jasnin et al. (2013) . (C) Mechanism of bacterial actin tail generation. Top: model of squeezing bundles. The de novo nucleation of 'XY'-filaments along the bacterial surface, constrained to grow between the surface and the stiff scaffold of cross-linked XY-bundles, creates a squeezing stress, which pushes the bacterium forward. Bottom: model of pushing bundles. The tangential orientation of the XY-bundles along the bacterial surface could favour Arp2/3-dependent explosive growth of branches at the surface. Tangential branches from XY-filaments could give rise to newly nucleated Z-filaments (dashed pink circles). The simultaneous polymerisation of these multiple branches, constrained to grow between the surface and the stiff scaffold of cross-linked XY-bundles, could generate a compressive stress, which pushes the bacterium forward. Image reproduced with permission from Jasnin et al. (2013). detail (Zhao et al. 2013; Lin et al. 2015) . It showed sequential addition of five rod-forming proteins on top of the inner-membrane MS ring, which is the first ring to assemble. The assembly of the hook and the filament follows the assembly of the rod and is mediated by capping proteins. The maps of the assembly intermediates achieved by subtomogram averaging finally allowed placing the high-resolution structures (e.g. Yonekura et al. 2000) in the native context understanding the protein-protein interactions responsible for assembly and functioning of these large bacterial membrane proteins.
The bacterial chemoreceptor machinery
Chemoreceptors mediate bacterial responses to external stimuli. A membrane-attached array of methyl-accepting chemotaxis proteins (MCPs) sense stimuli through their periplasmic ligand-binding domains (Hazelbauer, Falke and Parkinson 2008) . The signal is then transferred through conformational changes in MCPs to the histidine autokinase CheA located in the cytoplasm. CheA autophosphorylates and the phosphate is transferred in a typical bacterial two-component system to the downstream regulator CheY, which then binds to the C-ring of the flagellar motor leading to an enhanced probability of clockwise rotation of the otherwise counterclockwise rotating motor (Porter, Wadhams and Armitage 2011) . Cryo-ET demonstrated that chemoreceptors are located at the bacterial poles close to the flagellar motors (Zhang et al. 2007; Kudryashev et al. 2010a; Xu et al. 2011) . This geometry likely aids the rapid transmission of environmental stimuli from the chemoreceptors to the flagellar motors. Structural analysis of chemoreceptors from different bacterial species revealed that their universal arrangement of a 12-nm hexagonal array of 'trimers of dimers' preserved in evolution (Briegel et al. 2009 (Briegel et al. , 2014 including their conservation between bacteria and archaea (Briegel et al. 2015) . Recently, an impressive combination of high-resolution subtomogram averaging of the isolated arrays and computer simulations allowed determining the molecular interfaces between the receptor array's components CheA and CheW (Cassidy et al. 2015) and demonstrated that conformational flexibility of a P4 domain of the CheA kinase is required for the chemoreceptor function.
Host-pathogen interactions

Bacteria as intracellular pathogens
Bacteria often use eukaryotic cells as a shelter and a source of nutrition for growth. For this, they have developed strategies to invade and create safe niches for replication inside the host (Dautry-Varsat, Balana and Wyplosz 2004; Schaible and Haas 2009) . Shigella and Listeria escape to the cytoplasm after uptake, while others like Salmonella, Legionella and Chlamydia remain within membrane-bound vesicles and modulate the fate of these by secreting effector proteins.
Infection by C. trachomatis is one of the most common sexually transmitted diseases in humans. Details of C. trachomatis invasion into human cell lines were revealed by cryo-ET (Nans, Saibil and Hayward 2014) . 3D reconstructions showed that the invasive forms, the chlamydial elementary bodies, are intrinsically polarised, and that one end exhibits periplasmic expansions and accommodates arrays of T3SS (Fig. 9A) (Nans, Saibil and Hayward 2014) . Upon invasion, the array of T3SS faces the target cell, enabling the secretion systems to get in direct contact with the host plasma membrane. Upon contacts with the host membrane, the T3SS undergo large conformational changes in the area of the basal body (Nans et al. 2015) . The contact and potential bacterial effector secretion induces the formation of enveloping macropinosomes, actin-rich filopodia and phagocytic cups that zipper tightly around an internalizing bacterium. After encapsulation into intracellular vacuoles, the bacterial polarity is lost (Nans, Saibil and Hayward 2014) . These data demonstrate rearrangements in both pathogen and host cell during the bacterial mediated endocytosis, and could be relevant for the invasion steps of other medically important pathogens. Using probably a different mechanism, the T3SS of Y. enterocolitica also form clusters and upon activation new T3SS are established in the vicinity of the existing ones (Kudryashev et al. 2015a) .
Pathogens often hijack and actively remodel the processes and the morphology of host cells for their own benefit (Munter, Way and Frischknecht 2006) . Some of them such as Listeria monocytogenes massively hijack the actin cytoskeleton of their host cells (Tilney and Portnoy 1989; Rodionov et al. 1990; Gouin et al. 1999) . The bacterium moves in the cytosol and spreads from one cell to another powered by an actin comet tail it generates. Cryo-ET was used to investigate actin comets in Listeria-infected fibroblasts cells at the level of individual filaments (Jasnin et al. 2013) . Quantitative analysis of the supramolecular architecture revealed bundles of hexagonally packed filaments (Fig. 9B) with spacing similar to that in stress fibres and filopodia, suggesting that these are generic arrangements involved in motility and force generation which also provide the necessary rigidity. The authors also propose a model for the initiation of comet tail assembly from tangential actin filaments that are nucleated de novo along the bacterial surface. The compressive stress of growing and branching filaments translates to the tail and pushes the bacterium forward (Fig. 9C) (Jasnin et al. 2013) .
Bacteria as host cells
Bacteria are often pathogenic for eukaryotic cells and conversely are also hosts for bacteriophages. Bacteria-phage interactions contribute to bacterial population dynamics, the rate of gene transfer and have implications at hugely diverse levels from e.g. the carbon cycle (Diaz-Munoz and Koskella 2014) to the human gut microbiome (Maura and Debarbieux 2012) . Understanding phage-bacterial interactions may inform on strategies to modulate these processes (McCarville, Caminero and Verdu 2016) . Additionally, phage therapy may be an efficient way to fight bacterial diseases caused by antibiotic-resistant strains (Gutierrez et al. 2016) . Hu et al. (2013) analysed the tailless bacteriophage T7 infecting Escherichia coli by cryo-ET and subtomogram averaging and portrayed the intermediate stages of phage infection. This study described subsequent conformations of tail fibres that were bound to the capsid in a folded-back configuration, and their unfolding upon initial attachment to the bacterium (Fig. 10A ). This was followed by a 'walking' process, the recognition of receptors, productive adsorption and triggering the penetration followed by the release of DNA. These data suggest that tail formation utilises material from the phage core, which dissolves upon attachment, and revealed the interactions of the tail with both bacterial membranes and the periplasm. A density at the tail allocated at the level of the bacterial cytoplasmic membrane was suggested to be a molecular motor used for pulling the DNA, and inserting it into the host cell. After completing genome ejection, the tail disassembles and the penetration site seals, thus the host cell remains intact and the further development of the phage continues unaffected. Similar steps follow the infection of the tailed T4 bacteriophage into host bacteria (Hu et al. 2015a) . Attachment of one to three tail fibres of the free phage results in a vertical attachment of the phage on the membrane. Further conformational changes in the baseplate trigger the contraction of the tail and the release of the DNA directly to the bacterial cytosol across two membranes.
Photosynthetic cyanobacteria contribute to a quarter of solar energy and carbon dioxide conversion into bioenergy on earth. The cyanophages appear to be crucial factors regulating cyanobacterial populations; thus, a closer examination including the details of their life cycle (Dai et al. 2013 ) offers the potential to characterise cyanobacterial strains and modify them for bioenergy development (Machado and Atsumi 2012) . To this end, subtomogram averaging has also been applied to visualise virus assembly intermediates inside marine cyanobacteria (Dai et al. 2013) . Notably, the images were recorded using Zernike phase contrast (Murata et al. 2010) , which yielded significant enhancement of image contrast (see methodology box). This also enabled identification of subcellular components and cyanophages in thicker parts of cells. The distinct stages and assembly intermediates of phages in their phototrophic prokaryotic hosts were identified, and then classified by structural features, and by correlating the relative abundance of viral progeny at different stages of infection (Fig. 10B) . Thus, the approach enabled the examination of the intracellular life cycle of the cyanophage and at the same time to monitor the crucial life processes in the cell. At an early stage of genome packaging, the procapsid releases scaffolding proteins and expands its volume. Later in the assembly, full particles were detected containing a tail on one side either with or without an additional horn at the other side of a virion. The described morphogenetic pathway of cyanophages is highly conserved and was likely inherited later in evolution by enteric bacteria and double-stranded DNA viruses infecting eukaryotic cells. Clearly, subtomogram averaging from cryo-ET is a very promising approach to advance our understanding of phage-bacterial interactions. With the use of novel hardware, higher resolution will be achievable for a number of model systems. In particular, phages infecting E. coli minicells have been structurally analysed . The use of genetically modified phages and bacteria or addition of specific activators or inhibitors will likely yield many interesting functional insights into these host-pathogen interactions.
Archaea are also infected by viruses, which are often covered by a lipid bilayer. A recent study revealed Sulfolobus spindle-shaped virus budding from an archaea that showed some striking similarities to viral egress from eukaryotic cells (Fig. 10C) (Quemin et al. 2016) . The observation of constricted necks shows that the unique archaeal membrane can undergo scission and promises interesting fundamental insights about the biology of these curiously under-researched organisms.
PARASITES
Parasitic protozoans are phylogenetically divergent unicellular eukaryotes that contain morphological components, structures and metabolic processes common in eukaryotic cells. Yet, some protozoans additionally harbour highly specialised and unique structures and organelles, while others lack 'classic' eukaryotic organelles and metabolic pathways (Sheiner, Vaidya and McFadden 2013) . Notably, all these structures are tightly crammed into parasitic cells of relatively small dimensions, making an optimal and functional packing challenging. On the other hand, the small cell dimensions became a crucial advantage when cryo-ET examinations were conducted.
Plasmodium
The most prevalent and deadliest parasites affecting humans are unicellular organisms of the phylum Apicomplexa, which include Plasmodium species, the aetiological agents of malaria, and Toxoplasma gondii, the causative agent of toxoplasmosis. Apicomplexan parasites are characterised by complex life cycles and are well adapted to survival in varying environments of different tissues, cell types and extracellular cavities.
The smallest extracellular forms of the malaria parasite are the red blood cell invading merozoites, the male gametes and the sporozoites, which are the forms transmitted by mosquitoes. Different 3D EM methods were used to interrogate the entry of merozoites into red blood cells, which revealed the fusion of rhoptries, secretion organelles carrying proteins essential for invasion, just prior to host cell entry (Hanssen et al. 2013) . Furthermore, cryo-ET has revealed the previously disputed fourmembrane structure of the apicoplast, a secondary endosymbiotic chloroplast-like organelle in merozoites and sporozoites (Kudryashev et al. 2010c; Lemgruber et al. 2013) . While there have been no studies yet using advanced EM on gametes, the application of high-speed holographic microscopy has demonstrated the wide interest that this somewhat neglected stage of the parasite should arouse as a model flagellum (Wilson, Carter and Reece 2013) .
Plasmodium invasive forms
Plasmodium sporozoites are the highly motile forms transmitted by the mosquito to the host (Frischknecht and Matuschewski 2017) . They are elongated, slightly curved and highly polarised cells around 10 μm long and 0.5-1μm thick (Fig. 11A) . After mosquitoes deposit sporozoites into the dermis, the parasites need to move across numerous tissue barriers to invade hepatocytes (Amino et al. 2006; Tavares et al. 2013; Douglas et al. 2015) . Cryo-ET was used to examine the highly specialised architecture of intact sporozoites in 3D (Fig. 11A) , and revealed a chiral relationship between microtubules and specialised structures at the sporozoite apical end called polar rings (Kudryashev et al. 2010c (Kudryashev et al. , 2012 . Usually, 16-17 microtubules emerge from the polar rings with equidistant spacing from one another, except for one that always gets 'lost' and shows an increasing distance from its neighbours (Fig. 11B) . The rings are tilted away from this single microtubule, suggesting a dorsoventral polarity, which appears to be important for sporozoite motility. In mature sporozoites, cryo-ET also revealed the presence of a cytoskeletal structure, the subpellicular network (Kudryashev et al. 2010c ). This network was absent from immature cells (Kudryashev et al. 2012) , suggesting a function in the generation of the crescent shape upon sporozoite maturation, which is thought to facilitate binding to blood vessels (Battista, Frischknecht and Schwarz 2014; Hopp et al. 2015; Muthinja 2017) .
Microtubules in apicomplexan parasites are known for a long time to be extremely stable and insensitive to classic microtubule depolymerisation agents (Morrissette and Sibley 2002 ). Yet, the tomograms showed that microtubule ends were open on both sides, a hallmark of highly dynamic microtubules in most cells. The tomograms also revealed an uncommon internal structure of sporozoite microtubules (Cyrklaff et al. 2007a) (Fig. 11C) , which was also found in microtubules of T. gondii tachyzoites. At periodic spacing of 8 nm, a protein seems to be binding to either alpha or beta tubulin subunits at the inner side of microtubules, possibly stabilizing them (Cyrklaff et al. 2007a) (Fig. 11D) . This led to the hypothesis of whether tubulin acetylation at the luminal lysine-40, as observed in T. gondii (Xiao et al. 2010) , could be essential for microtubule stability, which is currently under investigation in the Frischknecht lab.
Sporozoites use an actin-myosin-based motor for movement. Actin filaments are thought to be transported rearwards by myosin motors anchored in a parasite-specific organelle located just 30 nm below the plasma membrane (Montagna, Matuschewski and Buscaglia 2012) . Curiously, actin filaments remained elusive in tomograms from sporozoites (Kudryashev et al. 2010b) . Computational modelling of the imaging conditions in the crowded cellular environment suggested that actin filaments above 50 nm lengths should have been visible, implying that the actin filaments in parasites are shorter (Kudryashev et al. 2010b) . Indeed, work in T. gondii showed that actin filaments need to be short and unstable for proper parasite motility (Skillman et al. 2011) that is achieved by the presence of several 'filament destabilizing' amino acids in the actin structure (Vahokoski et al. 2014) . Intriguingly, actin in Theileria, an apicomplexan parasite of cattle, contains 'stabilizing' amino acids at these positions, suggesting that Theileria could produce long filaments. These were indeed readily visualised with cryo-ET, although their precise function for this parasite still remains obscure (Kuhni-Boghenbor et al. 2012) .
Plasmodium blood stages
Central to malaria pathogenesis is a cycle of parasite growth and replication within a parasitophorous vacuole inside host erythrocytes (Cowman et al. 2016) . This intraerythrocytic development involves a massive remodelling of the host erythrocytes, terminally differentiated and quiescent cells that lack all organelles hence basic functions such as transcription and protein trafficking. Remodelling necessitates the secretion of more than 400 parasite proteins into the erythrocyte cytoplasm, and their selective trafficking to specific sites in the host cytoplasm and plasma membrane (Maier et al. 2009 ). The trafficking of proteins beyond the parasite's confines involves de novo assembly of an entire secretory apparatus in the host cytoplasm. This apparatus consists of a tubulovesicular network (Martinez, Clavijo and Winograd 1998) and the so-called Maurer's clefts, which appear in EM as stacks of slender tubes (of ca. 70 nm in thickness) (Fig. 11E) , with an irregular electron-dense coat (Henrich et al. 2009 ). FIB milling followed by SEM imaging (see methodology box) revealed a variety of shapes and sizes of membrane profiles in the host cytoplasm, and parasite internal structures such as a polymorphic organisation of haemoglobin-filled tubules (Medeiros et al. 2012) .
In uninfected human erythrocytes, a complex network of filamentous actin, spectrin, band 3 and ankyrin constitutes the membrane skeleton and provides erythrocytes with a stable, biconcave shape and remarkable elasticity (An and Mohandas 2008) . Cryo-ET of extracted red cell membranes revealed the spectrin network (Nans, Mohandas and Stokes 2011 ), yet only the thicker actin filaments could be observed in intact cells (Fig. 11F-H) . Following infection by Plasmodium falciparum, the host erythrocyte changes shape and loses elasticity due to cytoskeleton alterations (Koch and Baum 2016) . Earlier attempts to visualise cytoskeletal modifications employed AFM and negative staining TEM on cell ghosts and the cytoplasmic surfaces of broken erythrocyte membranes (Taylor, Parra and Stearns 1987; Garcia et al. 1997; Li et al. 2006; Shi et al. 2013) . These showed a decreased cytoskeletal abundance and aggregations of fibrous material close to the knobs, parasite-induced protrusions of the infected red cell membrane (Aikawa et al. 1990; Shi et al. 2013) .
Cryo-ET showed changes to the red cell cytoskeleton 10-16 h post-infection, which became more pronounced at 25-30 h postinfection . At this time, elongated actin filaments interconnecting Maurer's clefts with the knobs on the red cell plasma membrane were apparent (Fig. 11F) . One of the proteins exported by the parasite, the trafficking protein 1 (Pf-PTP1), was suggested to play a role in host actin regulation as parasites lacking PfPTP1 showed aberrant actin filaments and Maurer's clefts (Rug et al. 2014) . Interestingly, when infected red blood cells from carriers of the sickle cell trait, which protects from severe malaria (Taylor, Cerami and Fairhurst 2013) , were investigated, both the Maurer's clefts and the actin filaments were found to be disrupted (Fig. 11G ). This suggests that the carriers of sickle cell polymorphisms are protected from severe malaria because the mutated haemoglobin somehow interferes with the transport of proteins to the surface (Cyrklaff et al. 2012) . Apparently, irreversibly oxidised haemoglobin, which is elevated in sickle cells (Silva et al. 2013) , might be causally linked to these effects. And indeed, when erythrocytes were put under oxidative stress prior to infection, similarly deformed Maurer's clefts with a disrupted actin cytoskeleton were found by cryo-ET (Fig. 11H ) (Cyrklaff et al. 2016) . This inhibited transport of adhesive proteins to the red cell surface and diminished the adhesion of infected cells to the endothelium (Fig. 11I) . With molecular genetic tools firmly established in Plasmodium research and entire parts of the parasite life cycle unexplored by 3D EM, we expect many more functional insights in the near future by the combination of these techniques.
Other parasites
Many other protozoans, including non-pathogenic ones, are interesting cells to study divergent biology. They can also have an enormous impact on the climate (plankton) as well as on human and animal health. The tiniest of eukaryotic cells, the green alga Ostreococcus tauri, was imaged early on with cryo-ET (Henderson, Gan and Jensen 2007) . This cell, smaller still than a Plasmodium merozoite, could be seen in its entirety within a single tomogram. More than 50 tomograms revealed, among others, a multistacked Golgi apparatus, nuclear pore complexes and striking images of dividing cells. Like Plasmodium, other imaged protozoans were thicker and thus imposed some limitations on imaging. A key structure of interest in protozoans is the flagellum and a recent study of Chlamydomonas, a green algae, by correlative CLEM (see methodology box) showed that the microtubule doublets of flagella are each transporting cargo in just one direction (Stepanek and Pigino 2016) .
Trypanosomes
The causative agents of sleeping sickness and Chagas disease are the African and American trypanosomes Trypanosoma brucei and T. cruzi, respectively (Clayton 2016). Yet many more trypanosomes exist that can cause disease in animals including their insect vectors. Two of the many fascinating aspects of trypanosome biology to which EM could contribute are the structure and function of the flagellum and membrane trafficking. Strikingly, in T. brucei (Fig. 12A) , these functions are morphologically linked as the main site of endo-and exocytosis is the flagellar pocket, a unique structure at the thick proximal end of the parasite. The flagellum is linked to a basal body that again is anchored to the kinetoplast, the mitochondrial DNA of the trypanosome (Ogbadoyi, Robinson and Gull 2003) . It emerges from the flagellar pocket, is attached to the multilayered paraflagellar rod and adheres to the cell body via the flagellar attachment zone, which might be stabilised by endoplasmic reticulum-associated microtubules (Gull 2003) . Several proteins have been found that are involved in flagellar attachment or localised within the paraflagellar rod, which are important for proper motility (Portman and Gull 2010) . Several types of tomographic studies have been employed to investigate the flagellum using classically fixed and high-pressure frozen cells. These revealed details of flagellar assembly (Fig. 12B) , new types of filaments and luminal proteins within microtubules (Hoog et al. 2012 (Hoog et al. , 2014 (Hoog et al. , 2016 . In the intracellular dividing T. cruzi, endocytosis occurs not through the flagellar pocket but through the cytostome-cytopharynx complex, which was studied in exquisite detail using FIB-SEM followed by 3D reconstructions (Alcantara et al. 2014) (Fig. 12C) . These elaborate reconstructions of both parasites provide the basis onto which new studies after gene deletion or protein depletion can be built to gain more functional insight.
Giardia
Giardia is one of the most ancient eukaryotes and can cause diarrhoea in humans and animals. It can move with flagellar motility in the lumen of the gut and attach to the epithelium using its ventral disc, an elaborate and beautiful devise made from microtubules (Dawson and House 2010) (Fig. 13A) . However, it is currently not clear how the ventral disc mediates adhesion although several models have been proposed. In a study that sets the basis for future protozoan morphological discoveries, an entire reconstruction of the parasite was presented (Schwartz et al. 2012) . This visualised the arrangement of the major cytoskeletal elements and explored the detailed architecture of ventral disc microtubules and their associated components (MAPs), which render the microtubules and the disc extremely stable. These included protein complexes that stabilise microtubules by attachment to their inner and outer wall. Also a unique trilaminar microribbon structure, which is attached vertically to the disc microtubules and is connected to the neighbouring microribbons via crossbridges. A follow-up study (Brown et al. 2016) expanded the analysis to different parts of the disc (Fig. 13B) , revealing the overall architecture of microtubules and microribbons, with contracted lateral tethers that hold the disc together. It appears that the marginal microtubule-microribbon complexes function as outer laterally contractible lids, which may help the cell to clamp onto the intestinal microvilli. Many 'giardin' proteins were found to localise to these microtubule structures and their associated complexes, yet their precise localisation and functions remain largely unknown.
Considering the amazing divergence of protozoan organisms and parasites, many more interesting tomographic studies can be expected to give new biological insights in the near future. This could very well represent a shift in the use of EM in pathogen and protozoan research from descriptive to functionrevealing tool. While that latter shift is already clearly evident in the investigations of viruses and bacteria, we expect the protozoan field will follow suit.
CONCLUSIONS
ET is a powerful technique to study microbial pathogenicity at the cellular and molecular level. It is versatile and bridges the gap between dynamic light microscopy and the high-resolution structures obtained by single particle cryo-EM, X-ray crystallography and NMR. The main advantage of cryo-ET is the opportunity to observe the processes or molecules in the context close to the native condition at a potentially high resolution. We foresee several intersecting highways for the future analysis of microbial pathogenesis. (i) The use of advanced instrumentation like phase plates (Danev et al. 2014 ) and direct detectors (Scott et al. 2012; McMullan et al. 2014 ) (see methodology box) will routinely result in higher resolution tomograms: from 6-10 nm several years ago (Cardone, Grunewald and Steven 2005 , to 3-5 nm with the recent setups (Asano et al. 2015) . This allows observation of smaller molecules in cells and will bring new insights regarding their function. (ii) The use of FIB milling in combination with phase plates and direct detectors (Mahamid et al. 2016) will overcome the thickness limitations and will allow analysis of infection processes inside the cells or tissues at a resolution of a few nanometers. (iii) These advances combined with an automated recognition of molecules in tomograms of crowded cytoplasm , 'visual proteomics' (Beck et al. 2009 ) and subtomogram averaging (Briggs 2013; Pfeffer et al. 2015) will allow an understanding of the action of nanomachines in situ in more detail. All together this set of emerging EM methods will add a functional dimension to genetic methods as it will reveal molecular links to cellular processes. Through the combination with small compounds and antibodies, it can well be expected that 3D EM will also have an impact on drug development and vaccine research.
Box 1. Classical preparation for EM
The biological specimen is fixed with aldehydes (paraformaldehyde, glutaraldehyde), dehydrated using organic solvents such as acetone or ethanol and infiltrated with epoxy resins. After hardening, the blocks are sectioned, and contrasted with heavy metal salts; blocks of samples are then sectioned to ∼50-150 nm thin slices with a diamond knife and imaged in a TEM.
Box 2. Cryo-sample preparation
A. Freezing A1. Plunge freezing, also called vitrification: A sample is applied to or grown on EM grids, which are typically continuous films with regularly spaced holes. Excess of liquid is blotted away, forming a thin layer of liquid over the holes. Quick plunging into a cryogenic liquid cooled by liquid nitrogen fixes the sample within milliseconds; the sample is imaged in cryo-TEM without further preparation steps.
A2. High-pressure freezing:
Samples are rapidly frozen under a pressure of ∼2000 bars, assuring vitrification of thick (<200 μm) specimens. High-pressure frozen material is too thick to be observed in TEM and has to be thinned (sectioning, millingsee below). The frozen blocks can be sectioned either at cryo conditions (CEMOVIS method) or at room temperature after freeze substitution and embedding in epoxy resins. The later procedure is principally similar to classical EM preservations, but there is less loss, displacement and damage due to the initial freezing step. B. Reducing the thickness of a cryo-preserved sample B1. Sectioning: A high-pressure frozen block is cut with a diamond knife under liquid nitrogen conditions. This procedure is referred to as Cryo Electron Microscopy Of Vitreous Sections (CEMOVIS). The resulting 30-150 nm sections are placed on EM grids and observed by cryo-TEM. B2. FIB milling: Using an FIB, plunge frozen or high-pressure frozen samples are thinned (milled) by 'burning' away the surface. Surface may be imaged using an SEM mounted with the FIB. Alternatively, the sample may be transferred to TEM where 200-400 nm thick lamellas may be imaged in 2D or tomograms can be recorded.
Box 3. Imaging
A. Cryo-TEM transmission EM at liquid nitrogen temperature:
The sample is imaged at a temperature of −180
• C by recording electrons that are transmitted through the sample. Cryopreserved, uncontrasted samples result in very low contrast images as it depends on weak differences in electron scattering in atoms building proteins and lipids (mostly H,O,N,P) and buffer (mostly H and O). Electrons deposit energy in the sample, which leads to breaking covalent bonds, formation of radicals, eventual mass loss, and local and global sample movement in an electron-dose dependent manner. This needs to be accounted for during image processing and in generally restricts a usage of higher electron doses limiting the contrast of the resulting images. B. FIB-SEMdual beam and serial block face imaging: SEM collects electrons back-scattered from the surface of a thick specimen. Sequential milling-off a slice of desired thickness exposes a new surface for imaging. Alternatively to the FIB milling, the top layers may be removed by a diamond knife followed by SEM imaging, which allows imaging of very large volumes of up to the millimeter scale. C. Cryo X-ray tomography: Frozen specimen can be imaged with soft X-rays at a current resolution of ∼30 nm, whereby the natural contrast is generated by the different absorption in organic matter and surrounding water. This permits reconstructing of much larger volumes from the series of tilted images without the 'missing wedge' problem.
Box 4. Instrumentation
A. Cryo-electron microscope: Equipped with a cold stage or a cryo-holder that keeps the temperature close to that of liquid nitrogen, and maintains a vitrified state of the specimen and increases the sample tolerance to electron damage. Higher accelerating voltage of the microscope increases the penetration depth of electrons, and results in a better performance of direct electron detectors. B. Direct electron detectors: CCD cameras and photographic film have been recently replaced by direct electron detectors with much higher sensitivity for low-dose cryo applications. The direct detectors are able to count single electrons in a rapid read-out, and greatly improve the signal-to-noise ratio of the resulting micrographs.
C. Energy filters:
A fraction of electrons from the incident beam interact with the electrons in atoms of specimen, and when scattering inelastically they deposit energy in the sample, damage it and also increase noise in the resulting image. While the sample damage is unavoidable, the noise can be reduced by removing the inelastically scattered electrons from the optical path by a system of magnetic deflectors, the energy filters. As the inelastic scattering events increase exponentially with sample thickness, the use of energy filters is more beneficial for imaging thick, uncontrasted samples.
D. Phase plates:
Devices mounted in the back focal plane of the objective lenses of electron microscopes. Phase plates interfere with the phases of the incoming electrons, recovering information at wide resolution ranges. The recently developed volta phase plate (VPP) allows successful long term operation of the electron microscope without the need to replace or realign phase plates.
Box 5. Structural analysis workflows
A. Single particle cryo-EM: Copies of identical or similar isolated proteins in random orientations are imaged by TEM. Upon working out mutual orientations of 2D projections, it is possible to generate a 3D reconstruction. With the current advanced hardware and software, the reconstructions may reach atomic resolution up to 1.8Å, which allows de novo tracing of polypeptide chains, observing ordered water molecules and ions. This method proved very powerful for structural analysis of protein complexes and membrane proteins in a non-crystalline state. B. Symmetry-based reconstructions: High symmetry of molecules or subunits in assemblies greatly facilitates the single particle reconstruction process and helps to achieve higher resolution. The typical applications are icosahedral viruses or helical polymers. For example, in icosahedrals each of 20 facets consists of three asymmetric units, and thus a single EM projection contributes to 60 different views around a virus.
C. Cryo-ET:
The sample is incrementally tilted and imaged at each angular step. Images of the resulting tilt series are computationally aligned to each other and are back projected into a 3D reconstruction. Typical tilt series cover around 120
• , and thus do not cover the full angular tilt range of 180
• , which generates a 'missing wedge' of information and an anisotropic resolution in tomograms.
D. Subtomogram averaging:
Resolution in cryo-ET reconstructions suffers from limited signal-to-noise ratio and anisotropic resolution. This may be compensated for by mutual alignment and averaging of multiple copies of the identical or similar objects extracted as 'subtomograms' from the original 3D volumes (in a process analogous to the single particle cryo-EMas described in 5A). Subtomogram averaging became a powerful approach to study the structure and structural variations of large membrane proteins and protein complexes inside the native context at a resolution between few nanometres and several angstroms. 
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